In this study, 1 H NMR spectroscopy was used to discriminate Gemlik olives cultivated in a protected designation of origin (PDO) region from those cultivated in non-PDO regions. For this purpose, 95 Gemlik olive samples (47 from PDO and 48 from non-PDO regions) were collected. 1 H NMR spectral analysis was carried out on the oils extracted from these olive samples. The results of the partial least squares-discriminant analysis showed that olives from the PDO and non-PDO regions could be discriminated on the basis of their NMR profiles. The prediction ability of the model was better when olive samples from the district of Mudanya were included in the PDO group. A detailed analysis of the NMR spectra revealed that PDO olives could be discriminated from non-PDO samples mainly due to their higher terpene content. The outcomes of this study clearly indicated that NMR spectroscopy coupled with multivariate statistical analysis has great potential to be used as an objective analytical measure for the discrimination of Gemlik olives cultivated in PDO and non-PDO regions.
Introduction
Olive is one of the major constituents of the typical Turkish breakfast. Among different olive cultivars cultivated in Turkey, Gemlik olives are the most appreciated by consumers due to their superior organoleptic quality, characterized by thick flesh, thin peel, and easy stone removal (Meral and Şahin, 2013) . In recent years, the high consumer demand for Gemlik olives has led to the spread of this cultivar out of its native cultivation region, making it one of the most widely cultivated olive cultivars in Turkey (Dokuzlu, 2016) .
In order to benefit from this positive consumer perception, the Gemlik olive cultivar received a protected designation of origin (PDO) certificate from TürkPatent in 2003, upon the application of the Gemlik Commodity Exchange (GTB). This PDO certificate depicts the geographical cultivation boundaries and other characteristic features of the Gemlik olive cultivar related to its biological origin, processing methods, and/or physiochemical structure, which can be used to distinguish the product from those of other regions. However, it is usually the case that PDO descriptions lack analytical measures that can be used to objectively discriminate PDO products from others.
In the literature, there exist several reports that demonstrate the successful applications of various analytical techniques, such as chromatographic, spectrometric, and spectroscopic techniques, for the determination of the geographical origin of food products (Luykx and van Ruth, 2008; Santos et al., 2018) . Regarding olive oils, NMR spectroscopy was demonstrated to be an effective tool for the authentication of olive oils obtained from different cultivars and geographical origins (D'Imperio et al., 2007; Mannina et al., 2010; Longobardi et al., 2012; Dais and Hatzakis, 2013; Clodoveo et al., 2015; Valli et al., 2016) . This technique was also applied to discriminate extra virgin olive oils obtained from major Turkish olive cultivars, namely Ayvalık, Memecik, and Gemlik (Özdemir et al., 2018) . However, to the best of our knowledge, no research has been carried out yet for discriminating Gemlik olives cultivated in a PDO region from those cultivated in non-PDO regions using 1 H NMR spectroscopy.
Therefore, in this study, it was aimed to investigate the potential of using 1 H NMR spectroscopy and chemometrics for the discrimination of PDO and non-PDO Gemlik olives. The present study was carried out using 95 authentic Gemlik olive samples that were collected from various locations in Turkey during the 2014-2015 and 2015-2016 crop seasons.
Materials and methods

Plant material
Gemlik olive samples were handpicked from certified plantations from various geographical locations, as listed in Table 1 . As depicted in the PDO certificate for the Gemlik olive, the samples from the districts of Gemlik, İznik, and Orhangazi were classified as PDO samples and the rest were classified as non-PDO samples. Samples were collected during the 2014-2015 and 2015-2016 crop seasons, between October and November. For each sampling, 4 kg of olive drupes was harvested from only 1 tree, but from different orchards.
Oil extraction
Upon arrival at the laboratory, the olive samples were stored at 4 °C and processed within 1 day after harvesting. Oil extraction was performed using lab-scale equipment. First, the olives were crushed using a screw conveyor grinding mill. The crushed olives were then moved to the malaxation step, where they were mixed for 25 min at 30 °C. Finally, the extracted oil was collected by a centrifugal separation system. The extracted oil samples were flashfrozen in liquid nitrogen and kept at -26 °C in freezers until further analyses.
NMR experiments
Oil samples that were kept frozen at -26 °C were thawed at room temperature in the dark and subsequently vortexed for 30 s at 1000 rpm. For each sample, 120 µL of oil was placed in a 5-mm NMR tube, and 480 µL CDCl 3 was added to obtain 20% oil samples. Tetramethylsilane (TMS) was used as the internal standard for signal calibration. The oil samples were further homogenized by vortexing for 30 s at 1000 rpm.
For each sample, one-dimensional standard proton ( 1 H) (s2pul) experiments were performed using a Agilent (Varian) 599.66 MHz NMR spectrometer equipped with a triple-resonance cold probe. Standard proton experiments were run with 16 repetitions, 5-s relaxation delays, and 32K points in the time domain to cover 16.035 ppm (9615.4 Hz) of spectral width. The resulting free induction decay signals were Fourier-transformed into frequency spectra using ACD/NMR Processor software (Academic Edition, v.12.01, Advanced Chemistry Development Inc., USA).
Statistical analyses
Before the statistical analysis, raw NMR spectra were phased, baseline corrected, and referenced according to the TMS peak using ACD/NMR Processor software. Before bucketing the solvent peak (CDCl 3 ), its carbon satellites (7.10-7.50 ppm) were excluded. The regions between 0 and 10 ppm of the standard 1 H NMR spectra of the 95 olive oil samples were then simultaneously divided into 0.04-ppm-wide buckets with 50% tolerance using the intelligent bucketing algorithm of the software. The dataset was then subjected to quantile normalization and log-transformed in order to reduce the variance between samples due to the sample preparation, and all of the spectra were Pareto-scaled using MetaboAnalyst software (Xia and Wishart, 2016) . The samples were then subjected to analysis of variance (ANOVA) followed by Tukey's honestly significant difference (HSD) as a post hoc test to eliminate the spectral buckets that did not exhibit significant variance (P > 0.05) among the geographical regions. The resulting dataset, which contained 63 spectral buckets (instead of 248 initially) was then used for partial least squares-discriminant analysis (PLS-DA), which is a supervised multivariate statistical method used for discriminating samples. In order to test the prediction ability of the PLS-DA model, a validation dataset was constructed by randomly selecting 13 samples from the PDO dataset and 7 samples from the non-PDO dataset (20 samples in total), which were not included in the model development. The PLS-DA was conducted using XLStat software (XLStat v.2014.1.01, Addinsoft, France).
Results and discussion
A representative 1 H NMR spectrum of the Gemlik olive oil from this study is presented in Figure 1 , where it can be seen that several peaks were observed in the 0-10 ppm chemical shift region. A typical 1 H NMR spectrum of the olive oil is dominated by the overlapping signals of fatty acids in different combinations of triglycerides that were previously assigned by Sacchi et al. (1998) and Fauhl et al. (2000) as follows: 1) chloroform (7.28 ppm), 2) olefinic protons of all unsaturated fatty acids (5.34 ppm), 3) sn-2 glycerol protons of triacylglycerols (5.27 ppm), 4) sn-1,3 glycerol protons of triacylglycerols (4.29 ppm), 5) bisallylic protons of linoleic and linolenic acid (2.76 ppm), 6) α-carboxyl protons of all acyl chains (2.31 ppm), 7) allyl protons of all unsaturated fatty acids (2.01), 8) β-carboxyl protons of all acyl chains (1.61 ppm), 9) methylenic protons of all acyl chains (1.26 ppm), 10) methyl protons of linolenic acyl chains (0.97 ppm), and 11) methyl protons of all acyl chains, except linolenic (0.88 ppm).
In order to discriminate the PDO and non-PDO Gemlik olives, the spectral dataset was analyzed using PLS-DA. Figure 2 shows the score plot of the PLS-DA, where the samples were projected on t1 and t2 axes. The performance of the PLS-DA model was evaluated on the basis of Q 2 and R 2 Y statistic terms. The Q 2 value, which is defined as 1 minus the ratio of the prediction error sum of squares (PRESS) over the total sum of squares (TSS) of the response vector y, denotes the class prediction ability of the model, and, for a robust model, values above 0.5 are expected. On the other hand, R 2 Y, which may have values between 0 (poor) and 1 (excellent), is the portion of y-variation explained in the component. The cumulative Q 2 and R 2 Y values of the global PLS-DA model obtained were 0.301 and 0.583, with 3 components, respectively. These results indicated that the PDO and non-PDO olive samples could be discriminated to a great extent; however, as could be understood from the low Q 2 and R 2 Y values, the established model was not robust enough to predict future samples. This was mainly due to the confusion of olive samples from the district of Mudanya, which is officially considered as a non-POD region, with the PDO. The geographical boundaries of the PDO region for Gemlik olives include the districts of Gemlik, İznik, and Orhangazi (Figure 3) . However, there an ongoing debate about whether the district of Mudanya, which is located in the vicinity of the PDO region, should also be included in the PDO region or not (Pehlivan Gürkan, 2015) . The results of the PLS-DA showed that the samples from Mudanya resembled the PDO samples more than the non-PDO samples on the basis of the 1 H NMR spectral profiles. As can be seen in Figure 4 , where the Mudanya samples were included in the PDO dataset, the PDO and non-PDO samples were better discriminated. The PLS-DA model thus obtained had higher Q 2 (0.516) and R 2 Y (0.703) values than the model established when the Mudanya samples were not included in the PDO dataset. The performance of the PLS-DA model was also tested by an external validation dataset consisting of 13 PDO and 7 non-PDO samples. As can be seen from the score plot ( Figure 4 ) and confusion matrices (Table 2) , 96.00% of the calibration samples and 90.00% of the validation samples were correctly classified in total, which indicated very good prediction ability for the PLS-DA model.
The loading plot of the PLS-DA, which showed the correlations between the variables and their contribution to the sample discrimination, is given in Figure 5 , where it is clearly visible that the variables with numbers 11, 26, 45, 51, 52, 53, 54, 60 , and 61 significantly contributed to the discrimination of the PDO and non-PDO samples. These variables corresponded to the buckets of 0.91-0.94, Figure 3 . The PDO region of Gemlik olives, including the districts of Gemlik, Orhangazi, and İznik (indicated by a thick blue border). The non-PDO region of Mudanya is indicated by a red thin border (courtesy of Google Maps).
1. 69-1.75, 3.65-3.67, 4.63-4.67, 4.69-4.75, 4.89-4.95, 5.05-5.07, 6.35-6.39 , and 6.74-6.80 ppm, respectively. As can be seen, the signal intensities of the buckets of 3. 65-3.67, 4.63-4.67, 4.69-4.75, 4.89-4.95, 5.05-5 .07, and 6.35-6.39 ppm were higher in the PDO samples than the non-PDO samples ( Figure 6 ). According to Christophoridou and Dais (2009) , the signals observed in the chemical region of 6.35-6.39 ppm could be assigned , 26, 45, 51, 52, 53, 54, 60, and to aldehydic and dialdehydic compounds, which are related to bitter, pungent, and artichoke tastes in olive oils (Lauri et al., 2013) . On the other hand, the signals in the chemical shift regions of 4. 63-4.67, 4.69-4.75, 4.89-4.95, and 5.05-5 .07 ppm were previously assigned to different forms of terpenes found in olive oils (Alonso-Salces et al., 2015) . The discriminative effect of terpenes was previously reported by D'Imperio et al. (2007), who figured out that olive oil samples from different geographical origins in the Lazio region could be effectively discriminated on the basis of their 1 H NMR spectral profiles. In their study, it was reported that olives from warmer regions and lower altitudes contained a higher amount of terpenes than those from cooler regions and higher altitudes. Similarly, in a comparative study carried out on Gemlik olives cultivated in 5 different geographical regions, Kiralan et al. (2012) reported that Gemlik olives cultivated in cooler regions distinguished themselves from those cultivated in warmer regions due to their high terpene content, which confirmed the discriminative power of these constituents.
In line with the above findings, the average signal intensities observed in the 4.00-5.00 ppm chemical shift region were higher for the PDO samples, including those from the district of Mudanya, than the non-PDO samples ( Figure 6 ).
In conclusion, the outcomes of this study clearly indicated that NMR spectroscopy coupled with multivariate statistical analysis has great potential to be used as an objective analytical measure for the discrimination of Gemlik olives cultivated in PDO and non-PDO regions. One of the major outcomes of the present study was that the Gemlik cultivar olives from Mudanya, which is in the vicinity of the Gemlik PDO region but currently not covered by the PDO denomination, resembled the PDO olives more than the non-PDO olives on the basis of their NMR spectral profiles. The results of this study also revealed that the terpene composition of olives can be used to discriminate olives on the basis of their biological and geographical origin. However, this observation needs to be validated with further research specifically targeting the variations of the terpene content and composition of the olives as a function of physiological, pedoclimatic, and seasonal factors.
